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Abstract— In this paper, the operation of a high Q - 
10MHz micromechanical oscillator is presented. A lamé-
mode bulk resonator operating in nonlinear region is 
integrated with low noise off-chip interface circuitry. 
Benefiting from high quality factor as well as large energy 
storage capability of the bulk resonator, low phase noise 
performance has been achieved even when the resonator 
is operating in nonlinear region with a 4Vp-p oscillation 
output. The oscillator shows -138dBc/Hz noise floor and -
132dBc/Hz 1kHz away from the carrier, which meets the 
cellular phase noise requirement of -130dBc/Hz at 1kHz 
offset for 13MHz GSM reference oscillators.
I. INTRODUCTION
Micromechanical silicon resonators have been showing 
great potential as an alternative to quartz crystals as frequency 
references in the last decade, thanks to their compact sizes, 
low power consumptions and high quality factors. The ease of 
integrating CMOS electronics with these micromechanical 
resonators is another advantage leading to such a trend. 
Previous research work achieved an estimation of -147dBc/Hz 
noise floor and -130dBc/Hz at 1kHz offset for a 13MHz 
square extensional mode micromechanical oscillator [1].   
Due to their small sizes, MEMS oscillators are suffering 
from the limitation of power handling capability, and 
consequently nonlinear effects. Close-carrier phase noise has 
been proved to be better by introducing automatic level 
control (ALC) into the interface circuitry. Some recent work 
has found that phase noise performance is affected by 
nonlinearities. Also known as spring-softening or duffing 
behavior, the nonlinearity arises from large vibration 
amplitude of the micromechanical resonators. Close-carrier 
phase noise has been proved to be better by introducing 
automatic level control (ALC) into the interface circuitry [2] 
such that the micromechanical resonator is operating in linear 
region. 
However, this work describes the oscillator based on lamé-
mode bulk resonator, which is less susceptible to 
nonlinearities, achieves low phase noise while working in 
nonlinear region without applying automatic level control 
mechanism. 
II. MICROMECHANICAL RESONATOR DESIGN
In this work, a 10.33MHz lamé-mode square resonator 
with gap reduction technique [3] is used as frequency 
reference for the oscillator implementation. Figure 1 presents 
this resonator’s scanning electron micrograph (SEM) and the 
simulated lamé-mode vibration structure from ABACUS. 
The resonator is designed to operate in lamé mode, in 
which the edges of square beam bend in anti-phase while the 
volume of the beam is unchanged, as shown in Figure 1. 
Lengths of the square edges are designed as 400μm. The 
resonator is anchored at four modal tethers locating at the 
corners so that energy loss through the anchors is suppressed. 
The anchor connectors’ lengths and widths are 60μm and 
10μm, respectively. Movable electrodes are placed in parallel 
with the square edges for driving and sensing purposes. Gap 
size between the electrodes and edges are 2.5μm without any 
voltages applied on them. If material of the proof mass is 
isotropic and the length is much larger than its thickness 
(thickness is 25μm which will be introduced later), the 
resonance frequency can be approximated using [5]: 
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where
ȡ = Material Density (2330kg/m3), 
L = Length of the square plate (400um), 
E = Young’s modulus (180GPa) and  
Ȟ = Poisson’s coefficient (0.28). 
According to (1) and (2), f0 is calculated to be 9.71MHz. 
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Figure 1. Scanning electron micrograph (SEM) and ABAQUS simulation for the micromechanical Lamé-mode bulk resonator. The proof mass is a square 
structure with side length of 400μm
A polarization DC voltage VP is applied directly to the 
proof mass to excite the micromechanical resonator. As VP
increases, the movable electrodes will move towards the proof 
mass because of electrostatic force. When VP reaches a certain 
limit VPull-in, the electrodes will be attracted by the proof mass 
until they hit the stoppers [3]. After the electrodes are pulled 
in, VP can be reduced while keeping the electrodes attracted 
until a pull-out voltage is reached. For this particular 
resonator, the pull-in and pull-out voltages are found to be 
74V and 42V, respectively.  
This gap reduction technique helps to close the capacitive 
gap down to 0.5ȝm in order to enhance signal transmission. 
The quality factor after gap reduction is around 200,000 at 
vacuum pressure of below 100Pa. 
One advantage of this resonator is that it is designed for 
fully differential actuation, in which there are two driving 
electrodes and two sensing electrodes as shown in Figure 2. 
The two input voltages shall be 180o out of phase to optimize 
lamé-mode vibration. This configuration is able to reduce the 
capacitive feedthrough between driving and sensing 
electrodes. It will also minimize the ohmic losses in the 
resonator suspension and anchor, so that quality factor Q value 
can be improved. Cancellation of second harmonic distortion 
term could also be achieved by fully differential configuration 
such that the resonator’s dynamic range can be improved. 
These factors are essential for performance of 
Micromechanical oscillators [4]. 
Figure 2. Fully differential electrode configurations of bulk-mode 
micromechanical resonator 
The resonator was fabricated by a commercially available 
SOIMUMPs process provided by MEMSCAP. Figure 3 
displays a cross-sectional view of this process. A silicon-on-
insulator (SOI) wafer is used as the substrate, which contains a 
25ȝm silicon layer, a 1ȝm oxide layer, and a 400ȝm substrate 
layer. The minimum feature size of the top silicon layer is 
2ȝm which limits the electrode gap to 2ȝm as well. In this 
work, the SOI substrate is grounded to minimize the parasitics 
by the feedthrough capacitance. 
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Figure 3. Cross section view of different layers in the 2ȝm SOIMUMPs 
process. 
III. OSCILLATOR IMPLEMENTATION
The major concern of micromechanical oscillator 
implementation is the signal transmission. The overall gain of 
open-loop oscillator circuitry in series with the 
micromechanical resonator must be greater than 1 or 0dB. 
Comparing the resonator used in this work and the 6MHz bulk 
resonator tested in [4], signal transmission of the former is 
benefited from the gap reduction structure but suffers from 
smaller electrodes’ area. Therefore, a trans-impedance stage 
followed by a low noise gain stage is applied as loop 
amplifiers to sustain proper oscillation, as described in Figure 
4. A fully differential amplifier (THS4131) is used in a 
transimpedance configuration to sense the output currents 
from the micromechanical resonator and convert is into 
voltage. The transimpedance gain is set to be 25kȍ at 
resonance frequency. A low noise gain stage is cascaded so 
that the overall gain is greater than 0dB. In this way, positive 
feedback can be achieved by inserting the amplified outputs 
into proper input channels of the resonator such that the phase 
criterion is fulfilled. Actually, the loop gain obtained in this 
oscillator is much greater than 1, and therefore the oscillation 
amplitude is only limited by the nonlinearity of the 
micromechanical resonator. 
Figure 4. Circuit implementation schematic for fully differential 
micromechanical Lamé-mode bulk oscillator 
IV. EXPERIMENTAL RESULTS
All of the discrete components used in this oscillator 
circuit were soldered onto a tiny printed circuit board (PCB), 
and was placed inside a vacuum chamber. The bulk resonator 
was also bonded onto the PCB. Vacuum pressure is kept 
around 10Pa so that the Q factor is maintained at 200,000.  
Throughout the experiment, the polarization voltage VP is 
fixed at 75V (after the electrodes are pulled in).
Oscillation is obtained immediately when the electrodes 
are pulled in. After VP is fixed at 75V, oscillation is settled at 
3.94Vp-p, as shown in Figure 5. The amount of oscillation 
amplitudes indicates that the resonator is operating in 
nonlinear region [5]. Nonetheless, this oscillator still provides 
undistorted and clean sine wave, implying a less sensitivity to 
nonlinear effects. The frequency spectrum is also measured 
and displayed in Figure 5 
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Figure 5. 10.33MHz Lamé-mode bulk oscillator output waveform and 
frequency spectrum. Peak to peak voltage shows 3.94V at polarization 
voltage Vp=75V. 
To further investigate the performance, the bulk mode 
oscillator’s phase noise was measured using Agilent E5052B 
and is displayed in Figure 6. A 1/f 4 phase noise component is 
observed between 1Hz and 10Hz offset, followed by 1/f 3 and 
1/f 2 phase noise components at higher offset frequencies. A -
138dBc/Hz noise floor is achieved and at 1kHz frequency 
offset, phase noise shows -132dBc/Hz. This result meets the 
cellular phase noise requirement of -130dBc/Hz at 1kHz offset 
for 13MHz GSM reference oscillators.  
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Figure 6. Measured phase noise power spectral density-to-carrier power ratio versus offset frequency from the carrier for both lamé-mode oscillator (solid 
line) and approximated flexural mode free-free beam oscillator ( dashed line).
V. CONCLUSION
In conclusion, a 10MHz micromechanical lamé-mode bulk 
oscillator operating in nonlinear region has been 
demonstrated. Given that the phase noise is low as depicted, 
the absence of ALC circuitry which is usually existed in 
MEMS oscillator design makes this implementation much 
simpler and at lower cost. This lamé-mode bulk resonator is, 
therefore, a good candidate for oscillator applications. 
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